A systematic Raman-scattering investigation has been carried out on sol-gel alumina prepared by the hot-water hydrolysis and condensation of Al(OC4H9)3, the Yoldas process, as a function of process variables such as the time spent in the sol phase. Nanocrystalline boehmite, y-A1O(OH), is the principal component of these materials. We have found small but systematic changes, as a function of sol aging time, in the line shape and position of the dominant boehmite Raman band observed in the alumina hydrogels. These spectral changes are interpreted in terms of nanocrystallinity-induced finite-size effects associated with the slow growth of A10(OH) nanocrystals in the sol. X-ray-diffraction experiments were used to determine nanocrystal sizes (as small as 3 nm for gels prepared from fresh sols) and to estimate growth kinetics from the Raman-line-shape results. The Raman peak-position shift is proportional to I. , where I. is the average nanocrystal size and a is a Raman-versus-size scaling exponent. For AlO(OH) we And n to be 1.0, close to the scaling-exponent values reported for graphite and boron nitride (BN) and different from the values (about 1.5) that describe the reported behavior of Si and GaAs.
presents a schematic of the synthesis procedure, as implemented in the present study. Since our study addresses the sol-gel aspects and the structure of the resulting gels, we omit the subsequent thermal treatments used to convert the gels to porous, yet transparent, alumina monoliths. ' The Yoldas process for sol-gel alumina includes three main steps: (i) hydrolysis and condensation of an aluminum alkoxide in excess water to form an A10(OH) precipitate; (ii) resuspension and dissolution of the precipitate by acid peptization to form a clear, colloidal sol; (iii) concentration of the sol by solvent boiloft; resulting in the formation of a gel.
The initial hydrolysis step is done with hot water, and the peptized sol is kept hot in order to form A10(OH) sols and gels rather than precipitates of Al(OH) 3 phases. ' Alumina gels are mainly water and should properly be referred to as alumina hydro gels. Throughout this paper, whenever the term gel appears without a modifier, alumina hydrogel is meant. Dried gels will be specifically referred to as xerogels.
In this paper, we report the results of a systematic Raman-scattering investigation of sol-gel alumina materials as a function of process parameters, particularly the sol aging time (t, in Fig. 1 ). Nanocrystalline boehmite y-A10(QH), is shown (by Raman and x-ray measurements) to be the principal nonaqueous component and we have found small but systematic changes, as a function of t" in the line shape and position of the dominant boehmite Raman band. These spectral changes have been interpreted in terms of nanocrystallinity-induced finite-size effects associated with the slow growth of A10(OH) nanocrystals in the sol phase, and we have used them to determine estimates of characteristic nanocrystal sizes and growth kinetics in this system. This interpretation is supported by x-ray-diffraction experiments (which provide the nanocrystal-size calibration for the Raman changes) and is consistent with crystal-growth models.
Section II describes the experimental techniques used in the synthesis of, and measurements on, the sol-gel alumina materials. The Raman spectrum of crystalline boehmite is described in Sec. III, as a necessary prelude to the measurements on the gels. Raman scattering from alumina gels, and the observation of systematic changes accompanying sol-gel processing, are described in Sec. IV. The Fig. 3. (An x-ray-diffraction spectrum for this sample, displaying sharp lines, is shown in Sec. VI.)
The spectral region shown in Fig. 3 contains the lattice-mode regime, i.e. , the modes are predominantly Al-0 vibrations. ' Table I Fig. 7 . Figure 8 presents the observed correlation between peak position and linewidth. The main family of materials, represented in Fig. 8 by the solid triangles, are the hydrogels prepared by the process of Fig. 1 Fig. 8 . Interpretation of the correlations revealed by these data is discussed in the next section.
V. NANOCRYSTALLINE BOEHMITE
The points at the top right of Fig. 8 Fig. 8 . The L scale along the right side of Fig. 8 is based on the x-ray-derived average crystallite sizes discussed in Sec. VI.
Both the clear correlation in Fig. 8 this ratio is unity; this is close to the case observed for bulk boehmite. The most asymmetric line shapes are observed for the short-time gels, for which the observed ratio is about 1.3. The asymmetry is small and thus the scatter is substantial, but Fig. 9 does show that linewidth, peak position, and asymmetry are mutually correlated. In Fig. 8 , there is an offset between the lines describing the two large populations of samples: hydrogels and precipitates. In Fig. 9(a) , data from both populations overlap and no such separation or offset is evident. But in Fig.  9(b 8 and 9(b) but absent in 9(a), as evidence that 6L is larger for the nanocrystal distribution in the precipitates than for the nanocrystal distribution in the hydrogels. In other words, the precipitates exhibit more inhomogeneous broadening than the hydrogels. A comparison of hydrogel and precipitate spectra, for bands with similar peak positions, reveals that the main difference is that the left half-width (lw of Fig. 6 ) is larger for the precipitates. seen in Figs. 8 and 9(b), as well as the absence of an offset in Fig. 9(a) (since an increase in lw increases both linewidth and asymmetry, approximately preserving the linewidth-asymmetry correlation). An increased low-frequency wing (larger lw) for the Raman band of the precipitates implies a larger spread in the particle-size distribution on the small-particle side. A possible explanation for an increase in the number of small nanocrystals is the 110'C drying step experienced by the precipitates (but not, of course, the hydrogels).
During this step, the concentration of aluminumcontaining solute species increases drastically, and at some point it exceeds the critical supersaturation for nucleation. The resulting additional burst of nucleation gives rise to a population of small nanocrystals, which is responsible for the increased dispersion on the small-L side of the particle-size distribution.
To test this idea, we subjected three of the hydrogels to the same 110'C drying step experienced by the precipitates. The results are included in Fig. 8 (021) and (131) (021) and (131) diffraction peaks. The range of crystallite sizes is seen to extend down to about 3 nm (justifying our use of the terms nanocrystal and nanocrystallinity).
The top x-axis scale in Fig. 11 L ' fits to the data:
VII. KINETICS OF NANOCRYSTAI. GROWTH Figure 12 displays the results of individual samplepreparation runs, showing the dependence of the boehmite signature Raman band peak position of the hydrogel on the sol aging time (t, in Fig. 1 ', respectively) are determined from the fit. These calibration relations, connecting Raman peak-position and linewidth with crystallite size, were used to obtain the right-hand scale as in Fig. 8 
The curves shown in Fig. 12 Fig. 8 , as well as the more sUbtle line-shape asymmetry correlations of Fig. 9, 
